Understanding the nature of light has stimulated scientific research over many centuries and progress in the description of electromagnetic radiation has been key in the development of modern science. Some highlights in this story are celebrated in the context of the International Year of Light YL2015 declared by UNESCO, which were the backdrop for scientific meetings held in Caceres (Spain) and in Poland (Wroclaw) involving the European Academy of Sciences Arts and Letters. It is emphasised that this long history of research on Light is by no means over, and has resulted in many important advances, including such applications as the laser and the harnessing of solar energy for electric power generation, of great importance for the economic development of Southern regions such as North Africa. Cultural aspects of the importance of light (in the Arts, in literature and in philosophy) are also mentioned.
Introduction
The present paper was presented at a meeting in Wroclaw [1] in the year 2015 -chosen by UNESCO as the year for the worldwide celebration of Light. 'Celebration' of course implies that we should re-visit all the various benefits which have come from light and attempt to remember them and discuss their importance. As physicists, chemists and spectroscopists, we have of course much to contribute to this fundamental question, but it is not the prerogative of scientists to take the whole subject over. Philosophers, historians, painters, sculptors and indeed artists in general, not to forget the engineers involved in harnessing solar radiation for our benefit, would also claim that light is the key to their activities. Keeping the theme in the singular, theologians would also point to the amazingly perceptive phrase «Fiat lux...» (Let there be light) as marking the origin of the universe. And if we put the subject in the plural, then we would probably agree collectively that the modern democracies of the Western world are all somehow issued from Le siècle des lumières, which is how, in French, one describes the age of Voltaire and the philosophers of the eighteenth century, whose influence was so great that it was subsequently likened to beacons of light illuminating modern times. This translates into English as the Age of Enlightenment.
Thus, the theme of light, taken in its broadest context which is very much in the spirit of UNESCO, is all pervasive. The European Academy of Sciences Arts and Literature (EASAL) comes under the cultural aegis of UNESCO, and so it seemed most appropriate that we should prepare the advent of the year of light by organising a conference under the general title Light in the service of mankind, staged in a city called Cáceres, itself belonging to the World Cultural Heritage owing to the beauty of its monuments and to its past stretching back through Spanish and Arabian back to Roman times.
The purpose of this earlier meeting in Spain meeting was to cover as many as we could of the themes just mentioned, extending from physics and astronomy through history, philosophy, the arts and solar power generation, which is of course a subject of tremendous importance in the whole of the Mediterranean basin (I will come back to that). Many members of EASAL attended the international colloquium in Cáceres. I should mention in particular the presence a very distinguished member: the Nobel Laureate Professor Claude Cohen-Tannoudji of the Collège de France, who is of course one of the world's greatest experts on the subject of Light, as regards its fundamental properties and its use in atomic cooling experiments.
The meeting in Cáceres took place just before another conference, held in Lisbon, organised by a Foundation based around CERN in Geneva [2] , whose activities are very much along the same lines as those of EASAL [3] in the Mediterranean area, namely the concept of reaching across the zone by sharing the benefits of scientific and technical innovation. Many of the themes discussed in Cáceres also featured prominently in the Lisbon Conference. The reason for mentioning it here is again that it belongs to a growing number of conferences whose avowed purpose is to re-create something like the spirit of the Age of Enlightenment and 
How Light and Knowledge Became Intertwined
I return now to the subject of light, and would like to stress how the attempt to understand the enigmatic nature of light has accompanied human knowledge since the very beginnings of civilisation. If we consider what Feynman himself regarded as the most important statement in Science (the one, as he puts it [4], which should be preserved if some disaster were to strike the whole of humanity), namely the atomic hypothesis, first formulated by Democritus more than two thousand years ago, it is very interesting that, as soon as the existence of the atom as the fundamental building block of matter was postulated, the question arose: what should there be between the atoms. Democritus himself provided the most elegant answer: between the atoms, there is nothing. Thus, together with the atoms, the vacuum was born, and Democritus should rightfully be regarded as its discoverer. Originally, the vacuum was very simple: it consisted merely in the complete absence of atoms (i.e. of all matter). However, as science progressed, an extraordinary mystery emerged. It became clear that, above the earth's atmosphere [5] , there exists such a vacuum (and a black sky [6]), but that, somehow, the light from the sun and indeed from distant stars can travel through this vacuum to reach us [7] . So, the situation was not quite as simple as Democritus had supposed. No doubt, the vacuum is empty of matter but, in spite of this emptiness, can transport light. This was so extraordinary that it became necessary to postulate the existence of the ether [8] -an all-pervasive medium whose prime function would be allowing light waves to reach us. All physicists know that the properties of the ether, an apparently undetectable fluid supporting the propagation of electromagnetic waves, kept Maxwell [9] and others awake at night pondering on its mysteries, and that the climax came with was the Michelson-Morley experiment [10] , leading to the formulation of the Lorentz transformations [11] , the theory of Relativity [12] and, perhaps more strangely, to the tacit assumption that the ether is completely unobservable or, as some would say, simply does not exist.
One might at first think that it would be difficult to find anything else quite as fundamental as these advances. Yet, others were in course. When Newton considered the properties of light, he could not himself decide whether it should be treated as a wave or as what he called a 'corpuscle' [13] , namely a particle, and this ambiguity persisted throughout his scientific work. Sometimes, he used one description but, for other problems, he used the other, without seemingly worrying about any contradiction between the two. Throughout the eighteenth and nineteenth centuries, many experiments were done to resolve this ambiguity, resulting in the huge development of physical optics in the hands of Fresnel [14] , Young [15] , Huygens [16] and many others and in the discovery of electromagnetism by Faraday [17] and Maxwell [18] , which reinforced the opinion that light was in fact nothing else but an electromagnetic wave. There matters stood until Louis de Broglie [19] saw the correspondence between optics and mechanics and realised that the sharp distinction between wave and particle was itself incorrect. It is quite reasonable to consider that most of quantum mechanics emerged from studies of atoms using light (spectroscopy) and from de Broglie's wave-particle duality, which suddenly restored Newton's view that light should be considered as both wave and 'corpuscle'. It was left to Einstein to describe the fundamental properties of what today we call a photon [20] , but which in principle is simply Newton's 'corpuscle' reborn.
It is often argued that Young's double-slit experiment 'proves' the wave nature of light. This of course is true, but it does not exclude the 'particle' nature of light (i.e. the photon). It is merely that proving the existence of the photon experimentally is much more difficult. Indeed, early attempts were made to reconcile the wave nature of light with quantum mechanics by assuming that light was purely a wave and that only the absorption and emission needed to be quantised. This, however, is not the case, but is hard to establish experimentally. The consensus amongst physicists is that the definite experimental proof of the existence of the photon was finally achieved in 1977 in the photon anti-bunching experiment in resonance fluorescence by Kimble Dagenais and Mandel [36] . Today, we see that the distinction between particles and waves, which de Broglie had banished from physics, does not simplify the situation. It is replaced by another, the distinction between the fundamental fermions and bosons, in which photons possess integral spin like all the particles which 'mediate' or transport fields, whereas half-integral spin characterizes the particles which 'experience' the fields [20] . The vacuum is no longer 'empty' but contains a sea of 'virtual' particles which are supposed to assist the propagation of waves, including light. Such descriptions can be given beautiful mathematical forms, but in essence, they do remain mysterious as to how they operate. Although they seem familiar to manipulate, they remain as strange in principle as the 'aether' of ancient times.
But this is still not the end of the story. Many other surprises have come from the study of light. Already, Laplace, in his famous Mécanique Céleste [21] had wondered whether gravity might somehow influence the propagation of light. At first sight, this might seem impossible in classical physics, since light has no mass. However, Laplace had noticed that, in the formula for the escape velocity (which we describe today as the minimum velocity for a rocket to escape from the attraction of a planet [22] ), the mass of the escaping particle actually cancels out of the equation. So, he had the brilliant idea of introducing Newton's corpuscle of light as the escaping particle and, since the velocity of light is fixed, asking the opposite question: how dense should a star be for no light to be able to escape from it? From this very simple (and completely classical) argument, he obtained a formula for what we call today the Schwarzschild radius [23] . In fact, he had just invented the black hole [24] .
At the time, nobody took his argument seriously. Fresnel [14] (it was thought) had proved conclusively that light was a wave. So, while Laplace's magnificent book was universally admired, these few pages came to be regarded as the aberrations of a great mind who could not accept that Newton might have been wrong about corpuscles, which is why the official discovery of black holes had to await the advent of relativity [24] .
When Hubble [25] uncovered (this time by using light as a wave emitted by distant galaxies and considering Doppler shifts) the expansion of the Universe and established the reality of the 'Big Bang' theory [26] , it became clear that the concept of a black hole is somehow related to the earliest moments of the world as we know it. It became an all-important object of study for many theoretical physicists. The general public soon heard about it and even began to worry about whether some mad scientist might be able to make one and release it from his laboratory. Fortunately, there is not much danger of that, although it soon emerged that black holes really do exist [27] (luckily, very far away from us) and that their properties are truly terrifying.
Indeed, the connection between radiation and the first instants of the 'Big Bang' became much clearer with the first observation of what is called fossil radiation namely the residual light of the Big Bang or the 4 degree background, observed experimentally. Studying the properties of this light, and in particular its distribution over the celestial sphere, yields fundamental information on the universe as it was in its first observable moments, just after the 'Planck time' i.e. 10 -44 seconds after the Big Bang [28] . What is now regarded as the 'first observable instant' of the universe-described-by-the-laws-of-physics is the instant when light separated from matter, and further evidence for this process had been claimed quite recently from studies of astronomical data (the BICEP2 dataset) although the conclusions have since been withdrawn as an artifact due to interstellar dust [29] . The quest for such evidence through astronomy will obviously continue in view of the huge interest any observation of this kind generates.
What also clear is that the properties of light will continue to play a fundamental role in understanding the physics of the early universe. To take but one example, the Planck time, if one interprets it as the shortest possible interval, sets a fundamental limit also to the frequency of any kind of wave, viz. the inverse of the Planck time, which thus appears as the very highest frequency which can possibly be observed.
It seems, therefore, whenever one asks truly fundamental questions in physics, that they can only be answered by understanding better the properties of light.
Applications of Light
This, however, still does not complete the story. Once the properties of light are better understood, it becomes possible to make use of them in new ways. Thus, Einstein introduced the photon [30] , and this idea led him to the concept [31] of the spontaneous emission of light by atoms, a new process which competes with the more classical emission of light by excited atoms when stimulated by a perturbation. The study of this competition between spontaneous and stimulated emission led Kastler [32] to the discovery of a process called optical pumping and hence to the invention of the laser [33] , one of the most important tools in science and in modern engineering. The laser is indeed the foremost example of a device invented as the application of a piece of fundamental research. It started life as a toy for scientists to play with, but now the world is full of lasers being used for one purpose or another, to read or transport information, to generate ultrashort pulses, to melt materials, to level agricultural land to digitize the shapes of buildings, to clean pollution off stones, to remove old varnish from paintings, etc. etc. Lasers have brought us coherent light, a very special and most useful kind of radiation, different in most of its properties from the 'ordinary' light we were familiar with before.
I promised also some comments regarding applications of light in the service of man in the Mediterranean region where the Cáceres conference was held. In much of North Africa, and indeed also in parts of Southern Europe, there is a serious shortage of fresh water. Water is essential for agriculture, for tourism and to develop new cities. In fertile areas of Morocco, for example, so much water has been pumped up for irrigation in order to grow fresh vegetables in the early spring (one of the mains exports of the country) that the water table has sunk down to some forty metres below ground level. When falls to such a low level, the salt content rises and the water becomes brackish. Not only is this a problem for access to drinking water of the local inhabitants, but it also impedes agriculture and tourism, which are the principal economic activities, and prevents the creation of new coastal cities, in spite of an ever-increasing demographic pressure [34] The economic development of North Africa depends critically on desalination as the major new source of fresh water. In principle, the techniques of osmosis developed in recent years have brought prices down to a competitive level, but the problem now is to find energy sources to power the large plants which will be necessary. The best local source of energy is of course sunlight, which is abundant in the region and non-polluting. Indeed, research into the generation of energy from solar radiation presents a unique opportunity for Southern countries to gain a leading position by using their climatic advantage. Spain is already in an enviable position in Europe, and many countries of North Africa have fast-developing programmes [35] . The next step would clearly be to harness this form of energy to a desalination plant. Basically, this is just copying nature. Quite clearly, this is where the effort must go, and this is also where sharing 4 Light in the Service of Mankind knowledge across the Mediterranean might make a difference, not only in terms of advancing joint research, but also in building trust between nations of the region via scientific and technical collaboration. Hopefully, in the future, light will also be seen as a means of overcoming poverty by enabling modern development.
Light in the Arts and 'Enlightenment'
I have not, so far, said anything about the arts, so let me comment briefly on this crucial aspect.
Light, of course, is essential to painters. The conference in Cáceres was held in the year of the four hundredth anniversary of the death of the great painter El Greco, a true representative of the Mediterranean spirit, since he was originally a Byzantine Greek, travelled to Renaissance Italy and settled finally in the Andalusian city of Toledo. There is a nice story about Clovio visiting El Greco on a summer's day while the artist was still living in Rome. He found El Greco sitting in a darkened room, because he experienced darkness as more conducive to thought than the light of day, which disturbed his own "inner light". This use of the word light to represent higher aspirations of man is of course what is also implied by referring to the philosophy of Les Lumières (the age of Enlightenment), I mentioned at the start of this talk. This movement is of great importance in Western culture: it led to the separation between the Church and the State, and eventually to the conceptual framework of contemporary Western democracies.
It was pointed out by the philosopher Sadik Al Azm from Damascus (a recipient of the Erasmus prize for philosophy) that a comparable movement has never yet occurred in the cultures of many south Mediterranean countries [36] . It is hardly an exaggeration to say that this troublesome fact causes huge political difficulties in the world today. In plain words, the root of our problems, in many ways, is the need to bring the spirit of the age of Enlightenment across cultural borders between the North and South Mediterranean. If this could only be achieved, it would bring prosperity and progress to a part of the world which is fundamentally very rich in its cultural heritage, but lacks this essential ingredient to participate fully in the modern development of our planet.
